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Abstract We describe the synthesis of two propeller-shaped, emissive
trisbiphenylamines 1 and (S)-2. Whilst achiral 1 forms supramolecular
polymers following a cooperative mechanism, the self-assembly of
chiral (S)-2 can be described by an isodesmic mechanism. Despite the
isodesmic character of the supramolecular polymerization of (S)-2, an
efficient transfer of chirality from the embedded point chirality of the
peripheral side chains to the aggregates is demonstrated. The co-
assembly of 1 and (S)-2 in a sergeants-and-soldiers experiment shows a
very different dichroic response to that registered for pristine (S)-2, with
a copolymerization curve displaying two transitions. Both these
transitions coincide with those observed for the pristine achiral and
chiral components, thus suggesting a self-sorting effect.

Key words Cooperativity, isodesmic, helical structures, supramolecu-
lar polymerization, triarylamines

Introduction

Triarylamines are organic scaffolds commonly used in
organic electronics.1 The electron-donating properties of
these systems have been exploited to prepare a number of
hole-transporting materials.1 Importantly, achieving effi-
cient devices from these materials requires the formation of
well-organized micro- and nanostructures that limit the
presence of defects in the active layer.2 A general
methodology for attaining this organization is the supra-

molecular approach that allows the formation of fibrillar
structures.3 After the pioneering example of Giuseppone
and coworkers reporting the conductive properties of
columnar stacks of triphenylamines,4 a number of self-
assembling triarylamines have been described. Interesting-
ly, the propeller shape of the triarylamine core facilitates the
efficient formation of helical structures, as elegantly
described by the group of Aida and Miyajima,5 or the
helix-to-superhelix transition recently described by Zhang
and coworkers.6

The formation of the aforementioned helical structures
relies on the efficient supramolecular polymerization of
rationally designedmonomeric species that often follow the
cooperative mechanism.7 This process involves an initial
nucleation step followed by a rapid and thermodynamically
favored elongation process that yields the final chiral
outcome.8 However, since very recently, triphenylamines
have also been observed to exhibit pathway complexity.9

Thus, the cooperative supramolecular polymerization of
chiral N-centered triarylamine trisamides was demonstrat-
ed to form helical structures of opposite handedness
depending on temperature.10 Initially, this effect was
ascribed to the conformational flexibility exhibited by the
triarylamine core that yields off- and on-pathway aggre-
gates.10 However, recent investigations on triarylamines
have revealed the strong influence of the supramolecular
interaction of residual water molecules in the apolar solvent
utilized to study the transfer of chirality from the
monomeric units to the aggregated states.11

To further investigate the supramolecular polymeriza-
tion of propeller-shaped triarylamines, we have designed
two trisbiphenylamines decorated with achiral and chiral
peripheral side chains (compounds 1 and (S)-2, respectively,
in Scheme 1). The presence of the biphenyl moiety in
supramolecular polymers has been reported to favor the
formation of kinetically and thermodynamically controlled
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supramolecular polymers.12 In this manuscript, we con-
ducted preliminary investigation of the self-assembling
features of these two triarylamines by using variable
temperature (VT) UV-Vis experiments in methylcyclohex-
ane (MCH) as a solvent. The experimental results show an
unexpected influence of the peripheral side chains on the
supramolecular polymerization mechanism. In the case of
the achiral 1, the supramolecular polymerization occurs in a
highly cooperativeway. However, chiral (S)-2 exhibits a self-
assembling behavior that can be accurately fitted to an
isodesmicmechanism defined by a single binding constant.8

Unlike the results previously described for referable
triphenylamines, the co-assembly of compounds 1 and
(S)-2 in a sergeants-and-soldiers (SaS)13 experiment does
not result in a typical chiral amplification phenomenon.
Instead, a different dichroic response to that registered for
pristine (S)-2 is observed. This different dichroic response
suggests the potential generation of a hierarchical chiral
structure of both components or a kinetic effect, as it has
been previously described for referable systems.14 Finally,
the presence of the biphenyl units in compounds 1 and (S)-2
affords highly luminescent samples both in solution and in
the solid state. The results presented herein contribute to
the expansion of the knowledge on luminescent supramo-
lecular polymers that hold potential applicability in thefield
of organic electronics.

Results and Discussion

Trisbiphenylamines 1 and 2 have been prepared via a
multistep protocol with a final Pd-catalyzed Suzuki cross-
coupling reaction between commercially available tris(4-
bromophenyl)amine and the corresponding (4-((2-((3,4,5-
trialkoxybenzoyl)oxy)ethyl)-carbamoyl)phenyl)boronic

acid. The latter is synthesized in four steps from 3,4,5-
trialkoxybenzoic acid and N-Boc-protected 2-aminoethan-
1-ol (Scheme 1). The chemical structures of all the new
compounds have been confirmed by NMR and FTIR
spectroscopic data, as well as the corresponding mass
spectra (see the Supporting Information).

The supramolecular polymerization of compounds 1 and
(S)-2 has been initially investigated by VT-UV-Vis experi-
ments using MCH as the solvent and a total concentration
(cT) of 10 μM. The UV-Vis spectrum of triarylamine 1 under
these experimental conditions at 10°C presents two broad
bands centered at 264 and 354 nm and a shoulder at
394 nm (Figure 1a). Heating this solution to 90 °C trans-
forms this absorption pattern in an UV-Vis spectrum with
two more intense sharper bands centered at 263 and
357 nm that correspond to the monomeric species
(Figure 1a). The hypochromic and the weak hypsochromic
shift observed upon cooling the solution of triarylamine 1
are diagnostic of the formation of H-type aggregates.15 The
stability of the aggregates formed from compound 1 has
been investigated by deriving the thermodynamic param-
eters by global fitting of the nonsigmoidal curves, obtained
by cooling four solutions of 1 from 90 to 10 °C, to the
equilibrium (EQ) model described by ten Eikelder and
coworkers (Figure 1b).16 A complete set of such thermody-
namic parameters, namely, the enthalpy of elongation, ΔHe,
the entropy of elongation, ΔS, and the nucleation penalty,
ΔHn, is collected in Table 1. The high values of ΔHe, together
with the high values of the elongation temperatures (Te),
that is, the temperature at which the nucleation regime
changes to the elongation one, are indicative of the high
stability of the supramolecular polymers. These values are
higher than others reported for benzenetricarboxamides,17a

π-conjugated tricarboxamides,13b or boron dipyrromethe-
nes17b and are in the same range as metal complexes.17c At
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Scheme 1 Synthesis of trisbiphenylamine tricarboxamides 1 and (S)-2.
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the same time, the total free energy of the supramolecular
polymers of 1 depends on the penalty incorporated by the
loss of entropy, which is slightly higher than others reported
in the literature,13b17 and the enthalpic cost necessary to
achieve the active nucleus (Table 1). The influence of the
solvent on the stability of supramolecular polymers is a
known effect that has been scarcely evaluated by a
comparative thermodynamic study. To evaluate the influ-
ence of the solvent on the stability of the supramolecular
polymers of 1, we have also performed the thermodynamic
analysis by using amixture ofMCHand toluene (Tol) in a 7/3
ratio. This specific solvent mixture was chosen because it
enables monitoring the full monomer-to-aggregate transi-
tion. While in Tol, and at cT ¼ 10 μM, these compounds are
molecularly dissolved, in the MCH/Tol (7/3) mixture, the
aggregates are formed at 20 °C but are readily disassembled
by heating the mixture at 90 °C.

Under these conditions, the absorption features of both
the aggregates and the monomeric species are identical to
those observed in pure MCH. Also, the cooling curves for
solutions of 1 in MCH/Tol (7/3) at different concentrations
display the same nonsigmoidal shape characteristic of a
cooperative supramolecular polymerization (Figures S1

and 1c). The addition of the “good” solvent Tol results in
a decreasing effect on the Te values and on both enthalpic
ΔHn and ΔHe terms (Table 1). However, the entropic cost is
not sensibly modified. Consequently, the addition of Tol
results in lower, but yet remarkable, values of Ke and
the degree of cooperativity σ (Table 1).

We have also performed a similar analysis for chiral (S)-
2. As expected, the absorption patterns of the molecular
dissolved species of both achiral 1 and chiral (S)-2 are
identical. However, this is not the case for the aggregated
species of (S)-2. For this species, the UV-Vis spectrum in
MCH at 10 °C and cT ¼ 10 μM shows, in good analogy to 1,
two broad bands centered at 269 and 345 nm but no
shoulder at 394 nm (Figure S2). These absorption changes
imply, similar to compound 1, the formation of H-type
aggregates.15 Nevertheless, considering that the only
difference between triarylamines 1 and (S)-2 is the
branched nature of the peripheral side chains, the
dissimilar absorption pattern could be ascribed to a
different rotation angle between the cores in the aggre-
gates of 1 and (S)-2 due to the steric hindrance between the
side chains.18 Interestingly, the cooling curves of (S)-2
present a sigmoidal shape indicative of an isodesmic
mechanism (Figure 2).8 In fact, the thermodynamic
parameters of this chiral triarylamine, derived by fitting
these sigmoidal curves to the EQ model, clearly correspond
to an isodesmic mechanism in which the ΔHn value is very
low (–2.2 kJ mol�1) and the degree of cooperativity σ is
relatively close to unity (0.4; Table 1).

The presence of stereogenic centers with an (S) absolute
configuration at the peripheral side chains in (S)-2 yields
helical aggregates, as demonstrated by circular dichroism
(CD) studies in MCH (Figure 2c). The presence of bands at
λ ¼ 233, 266, 315, 354, and 374 nm and an isodichroic point
at λ ¼ 357 nm, coincident with the absorptionmaximum, is
diagnostic of the formation of helical stacks with anM-type
handedness.7,18,19 Therefore, the supramolecular polymeri-
zation of (S)-2 is one of the scarce examples in which an
efficient transfer of the point chirality, embedded in the

Table 1 Thermodynamic parameters for compounds 1 and (S)-2

1 (MCH) 1 (MCH/Tol, 7/3) (S)-2 (UV, MCH)

ΔHe [kJ/mol] –104.8 � 2 –96.9 � 3 –172.5 � 7

ΔS [J/kmol] –212 � 5 –216 � 10 –446 � 23

ΔHn [kJ/mol]a –33.5 � 10 –24.8 � 4 –2.2 � 0.5

σ [-]b 1.3 � 10�6 4.4 � 10�5 0.4

Ke [L/mol]b 2.6 � 107 5.1 � 105 8.9 � 106

Kn [L/mol]b 2.3 23 3.6 � 106

ΔGe [kJ/mol] –41.7 � 6 –32.5 � 4 –39.6 � 2

aThe nucleation penalty ΔHn is negative, which implies that the enthalpy gain is
smaller for nucleation compared to elongation.
bThe equilibrium constants for elongation and dimerization, Ke and Kn, and the
cooperativity factor σ (¼ Kn/Ke) are calculated at 298 K.

Figure 1 (a) UV-Vis spectra of 1 at different temperatures (MCH, cT ¼ 10 μM). Arrows indicate the absorption changes upon cooling down the solution
from 90 to 10 °C. Plot of the variation of the absorbance of 1 at λ ¼ 357 nm versus temperature at different concentrations and by using MCH (b) or a
mixture MCH/Tol, 7/3 (c) as the solvent. The red lines in (b) and (c) correspond to the fit to the EQ model.
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peripheral side chains of the self-assembling units, is
achieved in an isodesmic-controlled supramolecular poly-
merization mechanism.20 After demonstrating the transfer
of chirality experienced by the aggregates of (S)-2, we have
performed studies of chiral amplification by carrying out
SaS experiments. In these studies, dissimilar amounts of
achiral soldier 1, which exhibits no dichroic response
(Figure 3), and chiral sergeant (S)-2 are mixed keeping the
total concentration constant. Subsequently, the evolution of
the CD signal was monitored upon increasing the amount of
the chiral sergeant.7,13,18 In a typical SaS experiment,
obtaining a nonlinear variation of the dichroic response
versus the molar fraction of the chiral sergeant implies a
chiral amplification phenomenon.

To perform these SaS experiments, we have prepared
stock solutions of 1 and (S)-2 in MCH at cT ¼ 10 μM and
subsequently mixed the corresponding amounts of both the
sergeant and soldier. Considering that the supramolecular
polymerization mechanism and the Te values are different
for both triarylamines (Table 1), the mixture was heated up
to 90 °C and allowed to stand at that temperature for
5 minutes to ensure the complete disassembly of both
triarylamines. After this time, the mixture was cooled down
to 20 °C at a rate of 1 K/min and the CD spectra of the
mixture were registered for all the ranges of molar fractions
in time intervals of 5 minutes. Unexpectedly, mixing both
achiral 1 and chiral (S)-2 results in a completely different
dichroic pattern to that registered for the pristine sergeant,
a phenomenon that has been rarely reported in the
literature.21 The CD spectra of the mixture display a
negative band at λ ¼ 258 nm and two positive bands at
λ ¼ 335and365 nmwithan isodichroicpointatλ ¼ 278 nm
(Figures 3 and S5a).

Plotting thevariationof the dichroic signal at λ ¼ 258 nm
versus the molar fraction of chiral (S)-2 shows a parabolic
trend in which this signal increases in intensity until a
maximum response is attained for the mixture with a molar
fraction of 0.5 of (S)-2. Further increasing the amount of the
chiral sergeant decreases the intensity of the CD pattern

Figure 2 (a) UV-Vis spectra of (S)-2 at different temperatures (MCH, cT ¼ 10 μM). Arrows indicate the absorption changes upon cooling down the
solution from 90 to 10 °C. (b) Plot of the sigmoidal variation of the absorbance of 1 at λ ¼ 357 nmversus temperature (MCH, cT ¼ 6 μM). The red line in
(b) corresponds to the fit to the EQ model. (c) CD spectra of (S)-2 at different temperatures (MCH, cT ¼10 μM).

Figure 3 (a) CD spectra obtained for the SaS experiments performedby
mixing unequal amounts of enantiomer (S)-2 and 1 (cT ¼ 10 μm; MCH
as solvent). (b) Cooling curves obtained for compounds 1 and (S)-2 at
cT ¼ 10 μM; the mixture 1 þ (S)-2 (1/1) at cT ¼ 20 μM, and the sum of
the cooling curves of 1 and (S)-2.
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(Figure S4). The CD pattern registered for the mixtures of
1 þ (S)-2 could be rationalized by considering two different
hypotheses: (i) the operation of a kinetic process inwhich the
formation of kinetic traps conditions the dichroic outcome,13

or (ii) the formation of new species inwhich the co-assembly
of both triarylamines does not occur by the common
intercalation of the aromatic moieties to yield helical
columnar stacks.5,22

The first hypothesis should involve the time-dependent
evolution of the CD spectra of the mixtures due to the
previous formation of kinetic traps. These kinetic traps
should show a dichroic outcome different to that registered
for the thermodynamically controlled supramolecular
polymers formed from chiral (S)-2.13 Thus, we have
registered the CD spectra of the 1 þ (S)-2 mixtures
24 hours after the preparation of the samples. At this
time, no changes are observed in the CD spectra, which
suggests a negligible influence of kinetic traps on the
helical organization of the mixture (Figure S5b). To validate
the second hypothesis, we have registered the absorption
cooling curves of the 1/1 mixture of 1 þ (S)-2 in MCH at
cT ¼ 20 μM. The co-assembly of both triarylamines
through π-stacking interactions should provide a new
helical species with a similar dichroic pattern to chiral (S)-2
but, at the same time, with a copolymerization cooling
curve different from the sum of the curves registered for
both separate components.23 Figure 3b illustrates the
copolymerization cooling curve of the 1/1 mixture of
1 þ (S)-2, the cooling curves of both components sepa-
rately, and also the sum of the curves of pristine 1 and (S)-2
at cT ¼ 10 μM. The copolymerization curve displays two
transitions that exactly coincide with those observed for
the separate components.24 Considering that the total
concentration of the mixture is 20 μM, the coincidence of
the values of Te with those registered for pure 1 and (S)-2 at
cT ¼ 10 μM is a clear indication of the self-sorting of both
components in the mixture with no interaction between
the aromatic units. However, the dissimilar CD spectra of
this mixture in comparison to those registered for pristine
chiral (S)-2 is indicative of the potential interaction of the
aggregates of 1 and (S)-2. These findings require further
investigations of the chiral amplification phenomenon of
the reported trisbiphenylamines, in particular the role of
the peripheral side chains in their supramolecular
polymerization.

Finally, and as a proof of principle, we show the strong
luminescence exhibited by the reported trisbiphenyl-
amines. The presence of the biphenyl moieties in these
compounds results in clear emissive properties both in
solution and in the solid state (Figures 4 and S6). As in the
case of the UV-Vis experiments, the peripheral side chains
also play a relevant role in the final emissive outcome with
different photoluminescent features for 1 and (S)-2. First,
the intensities of both compounds are different, the more

intense being that registered for chiral (S)-2. Second, the
emission maximum in the aggregated state (MCH) is
slightly red-shifted in (S)-2 (λmax ¼ 430 nm) in compari-
son to 1 (λmax ¼ 422 nm). Third, and more intriguingly,
whilst chiral (S)-2 experiences an intensity increase in the
aggregated state, the contrary is observed for achiral 1 in
which the emission intensity is higher in CHCl3 (molecu-
larly dissolved state) than in MCH (aggregated
state; Figure 4a). These findings can be justified by
considering the dissimilar rotation angles between the
self-assembling units in the aggregate that, in turn,
conditions a less efficient π-stacking. The lack of the
shoulder observed in the UV-Vis spectrum of aggregates of
chiral 2 (Figure 2a) and the blue-shift observed in the
emission spectra in comparison to achiral 1 could account
for these dissimilar emissive features.17c At the same time,
the highly emissive aggregates formed from the reported
trisbiphenylamines could be indicative of the operation of
aggregation-induced enhanced emission (AIE; Figures 4b
and S6).25 Work is in progress to experimentally quantify
the potential operation of an AIE effect in the supramo-
lecular polymers of the reported triarylamines that could
yield useful emissive materials.

Conclusions

In summary, we have described the synthesis of two
propeller-shaped, emissive trisbiphenylamines decorated
with achiral (1) and chiral ((S)-2) peripheral side chains. The
derivation of the thermodynamic parameters demonstrates
the unexpected influence of these peripheral side chains on
the final supramolecular polymerization mechanism. Thus,
achiral 1 self-assembles via a highly cooperativemechanism
but chiral (S)-2 forms supramolecular polymers in an
isodesmic manner. Despite the isodesmic character of the
supramolecular polymerization of (S)-2, an efficient

Figure 4 (a) Emission spectra of 1 and (S)-2 in different solvents
(cT ¼ 10 μM, 298 K, λexc ¼ 365 nm); (b) pictures of the luminescent
solid and solutions of triarylamine (S)-2 upon irradiation at 365 nm.
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transfer of chirality from the embedded point chirality of
the peripheral side chains to the aggregates is demonstrat-
ed. Finally, the co-assembly of 1 and (S)-2 in SaS experi-
ments shows a very different dichroic response to that
registered for pristine (S)-2. However, the copolymerization
curve displays two transitions coincident with those
observed for the pristine achiral and chiral components
that suggest the operation of a self-sorting effect yielding a
hierarchical chiral structure of both components. Work is
currently underway to further investigate the co-assembly
of the reported trisbiphenylamines as well as the operation
of an efficient AIE process that could render useful emissive
materials.
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